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Nondestructive testing (NDT) includes several highly efficient techniques for the estimation of 23 the physical and mechanical properties of structural timber. Apart from visual grading, 24 scientific research using Nondestructive testing on timber has been used in Spain since the 25 1990s. Nondestructive testing can be used for two different purposes: timber grading and the 26 assessment of existing timber structures. The most common devices used in Spain are portable 27 ones based on ultrasound, stress waves, vibration and probing techniques. Many statistical 28 linear models for estimating the mechanical properties of new sawn timber and timber from 29 existing structures have been proposed. Furthermore, several factors that affect Nondestructive 30 testing measurements have been studied (moisture content, temperature, specimen dimensions, 31 sensors position-grain angle…) and adjustment factors have also been proposed. Species have 32 been characterized for visual grading standards from the 1980s to date. The large number of 33 research works using different species, devices and procedures shows the need of 34 homogenization and standardization of Nondestructive testing use. This paper presents a 35 review of research works using Nondestructive testing on timber in Spain, in order to add to 36 knowledge, elucidate the concepts to unify Nondestructive testing used and promote research 37 group collaboration in the near future. 38
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INTRODUCTION 41
Scientific research into the determination of timber mechanical properties began in Spain in 42 the 1960s, in the INIA Structural Timber Laboratory (Fig. 1a) . Arriaga et al. (1992) published 43 the first scientific research work using Nondestructive Testing (NDT) on timber in Spain. The 44
Steinkamp BP-V (BPV), a portable ultrasound device with exponential tip 50 kHz sensors, was 45 used on 34 pieces from existing structures to estimate their mechanical properties with 46 determination coefficients (R 2 ) between the modulus of elasticity (MOE) and the dynamic 47 modulus of elasticity (Edyn) of 37 % (Fig. 1b) . Martínez (1992) used the same NDT device on 48 structural maritime pine timber (40 mm x 100 mm and 50 mm x 150 mm) in his PhD thesis. 49 Bucur et al. (1993) presented the first SCI JCR publication in Spain of NDT on timber using 50 the BPV and X-ray for fungal decay detection in pine and European beech. Several other works 51
were presented with a focus on detecting decay and defects using ultrasound waves (Palaia et 52 al. 1993; Galvañ et al. 1994; Martín 1994 ; Troya and Navarrete 1994). Rodríguez-Liñán and 53 Rubio (1995) and Rubio (1997) using the Edyn, and found no significant differences between the results of both devices. 143
Osuna-Sequera (2017) tested 11 m long large cross-section Salzmann pine beams from an 18 th 144 century timber structure using the PLG and estimating MOE using the Edyn with an 80 % R
. 145
Not only restraint-free isolated specimens were analyzed using the vibration technique, as 146 multiple contact accelerometers were also used to evaluate timber structures. Baño et al. with a contact accelerometer (Fig. 2g) , (3) The Mechanical Timber Grader MTG 960 284 (Brookhuis, Enschede, Netherlands) equipped with a contact accelerometer (Fig. 2h) . Velocity 285 from the first mode of natural frequency is calculated as the product of two times length and 286
frequency. 287
Probing devices: The most common probing devices used in Spain for density estimation and 288 structural inspections found in the literature review are: (1) The Pilodyn 6 J Forest (Proceq, 289 Schwerzenbach, Switzerland) (Fig. 3a) . This consists of a calibrated spring that releases a 2,5 290 mm diameter steel needle with a constant energy of 6 J. NPR depth of this needle into the 291 timber is measured in mm. (2) The Wood Pecker (DRC, Ancona, Italy) (Fig. 3b) . This modified 292 sclerometer inserts a 2,5 mm diameter steel needle by striking several times with constant 293 energy. NPR depth is measured in mm after each strike. (3) The Screw Withdrawal Resistance 294
Meter SWRM (Fakopp, Sopron, Hungary) (Fig. 3c) . SWR force is measured in kN when a 295 standard screw is pulled out. (4) Commercial core bits with different external diameters, usually 296 from 10 to 22 mm (Fig. 3d) . The mass and volume of the cylindrical extracted core are 297 measured (5). The RML Wood Extractor (RML WoodEx) (GICM-UPM, Madrid, Spain) 298 coupled to a commercial drill (Fig. 3e ). This Spanish design was patented in 2013 (Martínez 299 and Bobadilla 2013) using drilling chips extraction technique. A bit is drilled to a standard 300 depth in wood specimens (so the hollow volume is known) vacuum collecting all of the chips 301 produced during drilling in a paper filter bag. Density is estimated from the mass of chips and 302 volume of the hollow. (6) The Resistograph (RinnTech, Heidelberg, Germany) is a drilling 303 resistance tool where relative resistance is measured against the introduction of a small 304 diameter drill at a constant speed (Fig. 3f) . (7) The IML Resi (IML, Wiesloch, Germany) uses 305 drilling resistance technique in a similar way to the Resistograph. There are several models, 306
and Fig. 3g shows the F400-S. Probing measurements should be taken while avoiding areas 307 close to the pith and other singularities such as knots and resin pockets, etc. 
RESULTS AND DISCUSSION 315
Acoustic techniques (ultrasound and stress waves) for property estimation: Velocity is 316 calculated from ToF by dividing length over ToF. The dynamic modulus of elasticity (Edyn) 317 is calculated as the product of density and square velocity. Several authors have presented 318 mechanical properties estimation models using velocity and Eryn (Table 1) . 319
Vibration techniques used to estimate properties: Longitudinal velocity from first mode 320 natural frequency is calculated as the product of two times length and frequency. The dynamic 321 modulus of elasticity (Edyn) was calculated as product of density and square velocity. Several 322 authors have presented estimation models using vibration techniques (Table 2) . found between radial and tangential measurements (with respect to annual rings). Furthermore, 330 in the assessment of timber structures (the most common use for probing techniques) it is not 331 usually possible to select the probing direction. Density estimation models using acoustic and 332 probing techniques have been presented by several Spanish authors (Table 3) . 333 ).
Zrad, Zsco, Zsal and Zmar are constants for radiata, Scots, Salzmann and maritime pine, which are only equal to 1 for this species, for other species are 0; Zp is a constant for boards, which is equal to 1 for particleboards and 0 for MDF; L (mm) length; dc and dh=knottiness parameters; Rw=ring parameter; BAL, G, H0 Chips Mass (g) ρ=35,94+343,06*ChM 76 Zrad, Zsco, Zsal and Zmar are the constants for radiata, Scots, Salzmann and maritime pine, which are only equal to 1 for this species, for other species are 0; Zp is a constant for boards, which is equal to 1 for particleboards and 0 for MDF (kN) at a given MC, kMC adjustment factors, which are listed in Table 4 . 359 
400
Final discussion: To summarise, 68 mechanical property estimation models from 29 research 401 works were collected in Table 1 (acoustic techniques) , 43 estimation models from 19 research 402 works were included in Table 2 (vibration techniques) and 60 density estimation models from 403 29 research works were compiled in Table 3 (acoustic and probing From the point of view of the authors, the results should be further studied to elucidate whether 413 the recommended mechanical property estimation models for different NDT devices and 414 species should be included in a new standard or at least in a protocol. However, if end-users 415 develop their own models, these can be used instead of the standardized models. Furthermore, 416 several MC adjustment factors for Spanish-grown species are presented in Table 4 that objectives and apply together for funding. Furthermore, useful information from previous 429 research works compiled in this review paper can be helpful. E.g. a potential new topic is thereuse and recycling of recovered timber. In this review it was reported that at least one research 431 group in Spain is working on this topic, and several estimation models for timber from existing 432 structures were developed and visual grading criteria for timber from existing structures were 433
proposed. Finally, apart from visual grading, NDT techniques are not used by the Spanish 434 industry for grading purposes, while they are commonly used in most European countries. 435 Therefore, closer collaboration between research groups and industry is needed to implement 436 NDT for grading. 
